In this study, we perform a series of numerical calculations on two vessels in the time domain. One vessel maintains its position using an internal turret and catenary mooring lines, while the other is moored to the former vessel via an STS (ship-to-ship) mooring system. We obtain hydrodynamic forces using the HOBEM (higher-order boundary element method). Then, we determine their coefficients using the convolution function method in the time domain. We model the catenary mooring lines using the finite element method, and the STS mooring lines are treated as linear SPs (springs) with constraints. To optimize the STS system, we conduct parametric studies on STS mooring systems. Finally, we compare the motion and structural responses of the initial and modified configurations.
Introduction


An FLBT (floating LNG bunkering terminal) is considered as infrastructure that can realize a reduction in LNG fuel received from an LNGC (LNG carrier), or inject LNG fuel into an LNG BS (bunkering shuttle) while it is moored at a work site. It should be able to withstand harsh oceanic environments, which consist mainly of waves, wind, and current. In addition, the LNG transfer process is performed at sea using either a side-by-side or tandem configuration.
Many studies have been performed to analyze the performance of a turret-moored vessel and two moored vessels. For example, Bernitsas and Papoulias [1] performed a study that highlighted the importance of yaw stability on a single-point moored vessel. This work was extended by Rho [2] to two floaters with a tandem configuration. Arjan and Hielke [3] conducted an optimization study on offshore offloading operation systems, and systematically summarized and analyzed potential offloading systems. Multi-body interaction problems in motion and structural reliabilities have been studied by a number of researchers, such as Koo and Kim [4] , Hans et al. [5] , Li [6] , Hong et al. [7] , and Cho [8] .
In recent years, there has been increased focus on the development of FLBTs. To this end, it should be evaluated based on its mooring capability and on the STS mooring system. In this study, we perform a parametric study on the STS mooring system in order to optimize it from the perspective of its motion and structural reliabilities.
Simulation Model and Condition
The schematic view of an FLBT with an LNGC and catenary mooring lines is illustrated in Fig. 1 . In addition, the main characteristics of the FLBT and LNGC are listed in Table 1 . Where, Loa is the overall length, B is the breadth, D is the depth, and T is the draft. The LCG (longitudinal center of gravity) is from the mid-ship section, and the LCB (longitudinal center of buoyancy) is from the mid-ship section. GMT is the transverse metacentric height. The planar configuration of two floaters is illustrated in Fig. 2 . The FLBT and LNGC are connected using five MRs (mooring ropes), two mooring SPs (springs), and four FDs (fenders). Three types of STS mooring system are modeled as linear SPs, while their performance constraints are different. MRs are only activated when they are elongated, and FDs are only activated when they are compressed. Mooring SPs do not have any constraints in the direction. Details of STS mooring systems are listed in Table 2 . These values were obtained from KORDI (2011), which is a project that addressed a similar problem involving side-by-side moored FSRU and LNGC. Table 2 Characteristics of STS mooring system and installation points. 
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The operating condition for the LNG transfer process is as below. This condition is achieved from the target location near the Pusan port, which is one of the potential locations for the operation of the FLBT.
 Wave: JONSWAP spectrum Hs = 2.1 m, Tp = 6.02 s, γ = 3.3, Heading = 180°  Wind: 16 m/s  Current: 2.1 m/s In this study, we considered only the wave load, while current and wind loads will be considered in future study. In addition, we analyzed only the head sea condition with the assumption that a turret-moored vessel weathervanes to the minimum environmental heading angle. The total simulation time is 12,600 s with a ramp function of 1,800 s.
Numerical Method
In order to obtain the hydrodynamic coefficients, we utilized the Wave Green Function method based on the potential theory. The discretized numerical shape is represented by 9-node bi-quadratic elements. By adopting higher-order schemes, it is possible to obtain the quadratic distribution of the physical values on each element. In addition, the convergence speeds of second-order quantities are significantly increased [9] .
We modeled the behavior of the mooring lines using the finite-element method, and the equation takes the following form:
(1) where, u is the displacement vector, and [M(u)], [C(u)], and [K(u)] are the geometrically nonlinear matrices for inertia, damping and stiffness, respectively. {f(ξ)} is the external force vector due to the floater's motion, while {f(ú, ü)} is the Morison force from the external waves. In the FE model, we applied the minimum-energy principle, and adopted the Lagrange multiplier method. The fairlead motion acts as a boundary condition. Details were reported by Kim et al. [10] .
Three types of connectors were modeled as linear SPs with some restrictions based on unstretched lengths. The coupled solution can be achieved using solving floaters, mooring lines, and STS systems. We utilized the Newmark-β method for time marching.
Simulation Results
Initial Design Simulation
Using the higher-order boundary element method, we calculated the motion RAO (response amplitude operator), and compared it with experimental data, as shown in Figs. 3-5 . The natural frequency of the heave was 0.5 rad/s, and that of the pitch was 0.38 rad/s, which are shown clearly in both sets of data. As both results were similar, this numerical scheme can be regarded as a reliable approach. Fig. 6 shows the motion time series of the center of the FLBT. The vertical motions, namely the heave, roll, and pitch, were relatively stable, and did not exceed ±0.1 m or ±0.5°. On the other hand, the horizontal motions, surge, sway, and yaw departed significantly from the initial position. In particular, the LNGC drifted much further than the FLBT because of the absence of its own mooring system. Fig. 7 shows the tension values of the mooring lines that were installed on the FLBT. As seen in Fig. 7 , the FLBT's own mooring system was somewhat reliable. The total maximum tension did not exceed 2,500 kN, while the MBL (minimum breaking load) was 15,964.84 kN. It is considered that this mooring system can withstand the operating conditions.
The tension values of the MRs, mooring SPs, and FDs are shown in Figs. 8-10 . Two of the STS mooring systems had length constraints, MRs, and FDs, and their tension values showed peaky signals, while the tension of mooring SPs showed harmonic signals. Peaks of STS mooring tensions were gathered and analyzed statistically. 
Parametric Study of STS Mooring Systems
The STS mooring systems utilized in this study were those used in a similar project carried out previously [11] . They were optimized by performing parametric studies to determine the stiffness of each mooring device. In each case, the initial values were changed from 10% to 300%, and the cases were numerically calculated.
Variation in MR Stiffness
First, we varied the stiffness of the MRs. Table 3 also summarizes the significant motion heights of the vertical motions of the two vessels. As the variation in the motion responses was almost negligible, STS mooring systems need to be analyzed from the perspective of structural responses. Fig. 11 shows the means of the STS mooring systems' tension peaks as the stiffness of the MRs varied. The means of the mooring SPs' tension peaks decreased as the mooring-rope stiffness increased in mooring SPs, while those of the mooring-ropes' tension peaks and FDs' tension peaks were relatively unchanged. In addition, in all cases, fender #4 was not tense, and it could be eliminated. The maximum tension peaks observed during the calculation time are illustrated in Fig. 12 . The maximum tension peaks of the MRs were observed to increase dramatically, while those of the others generally decreased. The 50% mooring-rope stiffness case had a minimum tension peak, which would be adjusted to the modified configuration.
Variation in Mooring SP Stiffness
We performed the same parametric study on mooring SPs, and the maximum tensions of STS mooring devices are shown in Fig. 13 . MR #01 and #05, which were installed at the front and at the end of FLBT accordingly, were tensed mostly in the small-stiffness region, while the maximum tension peaks of mooring SPs were as crucial as those of MR #01 and #05. As choosing the case of one minimum tension peak in all STS systems, 75% mooring spring stiffness case would be utilized in the modified configuration.
Variation in FD Stiffness
As the stiffness of the FDs increased, the maximum tension peaks of the FDs significantly increased, as shown in Fig. 14. Using the same methodology involving MRs and mooring SPs, we decided to choose the case with an FD stiffness of 25%.
Modified Design Simulation
We conducted parametric studies on the device stiffness of STS mooring devices, and for the FLBT-LBNG STS mooring system. We obtained stiffness values of 50%, 75%, and 25% for the MRs, mooring SPs, and FDs, respectively. We conducted a time-domain analysis using the modified configuration. The time series of the tensions on MR #1, SP #1, and DF #01 are illustrated in Figs. 15-17, respectively.
Finally, Table 4 shows the statistical values of the initial and modified STS mooring systems. For two configurations, the mean values were somewhat similar, while the maximum values were different. Even MR #04 and SP #01 showed larger maximum tension peaks, while other devices showed lower maximum tension peaks. In particular, we observe a reduction of almost 35% in FD #03. As the motion responses in both configurations were quite similar, the modified configuration had a significant advantage in terms of the structural responses. 
